Abstract Amyloid-beta (Abeta) protein is a key factor in the pathogenesis of Alzheimer's disease (AD). Moreover, it has been reported that oxidative stress is involved in the biochemical pathway by which Abeta can lead to neuronal dysfunction. Recently, docosahexaenoic acid (DHA; C22:6) and eicosapentaenoic acid (EPA; C20:5n-3) have been reported to protect against AD. However, these omega-3 fatty acids are frequently obtained from fish oil and may contain heavy metals. In this study, we utilized Nannochloropsis oceanica to produce omega-3 fatty acid. We observed that when urea levels (nitrogen source) were lowered from 2 to 0.2 g/L in Nannochloropsis oceanica cultures, EPA production increased. Moreover, EPA in Nannochloropsis oceanica effectively promoted antioxidant activity to counter the Abetainduced oxidative stress in Neuro-2A cells. These results indicate that Nannochloropsis oceanica may be potentially used as a therapeutic agent or as a functional food that promotes protection against AD.
Introduction
Docosahexaenoic acid (DHA; C22:6) and eicosapentaenoic acid (EPA; C20:5) are major components of fish oil. These omega-3 unsaturated fatty acids have been reported to protect against Alzheimer's disease (AD) (Sadli et al. 2013; Sahlin et al. 2007) , and against oxidative stress in neural cells (Yang et al. 2012) . Recently, omega-6 unsaturated fatty acids such as arachidonic acid and linoleic acid have been found to play a role in the development of inflammation (Al-Taan et al. 2013 ). However, this pro-inflammatory effect can be suppressed in vivo by omega-3 unsaturated fatty acids (Nobre et al. 2013) .
There are many alternative EPA and DHA sources, including bacteria, fungi, plants, and microalgae, that are currently being investigated for commercial use. However, algae are the most abundant primary producers of EPA and DHA, although some can be mixotrophic or heterotrophic. The term algae implies a division of lower plants which contain cellular chlorophyll that primarily in-habit aquatic environments, but these organisms are widespread in other environments as well. Microalgal strains are recognized as excellent sources of proteins, carbohydrates, lipids, and vitamins, and utilized for both food and as feed additives (Rocha et al. 2003) .
Chlorella sp. (Yongmantichai 1999) and Nannochloropsis sp. have been identified as well-known sources of EPA, an important polyunsaturated fatty acid. Spirulina sp. has been recognized for its high protein content (Babadzhanov 2004) . Microalgae, the primary producers of EPA and DHA in the marine food chain, can produce long chain omega-3 fatty acids, and naturally grow under a variety of autotrophic, mixotrophic, and heterotrophic culture conditions (RubioRodríguez et al. 2010) . Autotrophic and mixotrophic microalgae fix atmospheric carbon dioxide during photosynthesis, can grow on non-arable land, and have short harvesting times (Rubio-Rodríguez et al. 2010; Schenk et al. 2008) . A comparison of EPA and DHA sources revealed that microalgae are able to produce greater quantities of EPA and DHA than the other common sources.
Oxidative stress is considered the main factor responsible for the ageing process, and in the pathophysiology of various diseases (D'Autreaux and Toledano 2007) . Oxidative stress occurs as a result of excessive ROS generation or reduced activity of the antioxidative stress response systems.
Oxidative stress has been thought to contribute to the general decline in cellular functions, and is associated with a number of human diseases including AD (Cacho-Valadez et al. 2012) . AD is one of the most common neurodegenerative diseases of humans. Amyloid-beta (Abeta) deposits have been found in the brains of patients with AD (Yao et al. 2007) . The "amyloid cascade hypothesis," one of the well-accepted hypotheses of AD suggests that Aβ and its aggregated forms (including oligomers, protofibrils, and fibrils) may result in toxicity thereby leading to neurodegeneration (Milojevic and Melacini 2011; Shankar et al. 2008) . The association between ROS, Abeta, and neural injury has also been previously reported (Butterfield et al. 2002) .
The development of an efficient large-scale culture system for the commercial production of EPA and DHA would address a major global need. Therefore, we investigated the potential use of microalgae as in vitro biofactories for the large-scale production of omega-3 fatty acids against AD.
Materials and methods

Chemicals
Fetal bovine serum (FBS) was purchased from Life Technologies (Auckland, New Zealand). Dimethyl sulfoxide (DMSO) was purchased from Wako Pure Chemical Industries (Saitama, Japan). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), sodium dodecyl sulfate (SDS), 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB), Triton X-100, trypsin, cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), cis-5,8,11,14,17-eicosapentaenoic acid (EPA), and Abeta25-35 were purchased from Sigma Chemical Co. (St Louis, MO). Dulbecco's modified Eagle's medium (DMEM), penicillin, and streptomycin were purchased from HyClone Laboratories (Logan, UT).
Growth conditions
Nannochloropsis oceanica was purchased form Fisheries Research Institute (COA) in Pintong (Taiwan). Inoculation density of cultures in production were (1.5 to 1.8)×10 6 cell/mL. These cultures were continuously aerated by using an air pump without additional carbon dioxide. The laboratory temperature was kept at 20±2°C. In Group I, nitrogen source was provided from 2 g/L urea to maintain cell growth, but 0.2 g/L urea was used in Group II to elevate fatty acid synthesis. Nannochloropsis oceanica were collected directly from the bioreactor and centrifuged at 4,000 rpm for 4 min. Biomass cakes of samples were washed with 0.5 M NaCl and bidistilled water in order to eliminate non-biological material such as mineral salt precipitates. Then the biomass was freezedried and stored −20°C. The growth of Nannochloropsis oceanica was measured in the absorbance at 682 nm.
Sample extraction
Biomass of Nannochloropsis oceanica was extracted by isopropanol with ultrasonication (Ultrasonic Delta DC600H, Tainan, Taiwan) for 40 min. After filtration, the extracts were concentrated and freeze-dried.
Assay for fatty acid
Sample was pre-treated with the method of Christie (1982) , and fatty acid was quantified by gas chromatography (GC). Briefly, the analysis of fatty acid in pigeon pea was carried out on an Hitachi gas chromatograph system (TRACE 2000, Japan) equipped with a column: fused silica column Rt-2330 (30 m×0.32 mm, ID. 0.2 μm thickness), a detector (flame ionization detector), and carrier gas (N 2 , 1.5 mL/min). The GC measurement was according to our recent study (Dai et al. 2013) .
Neuro-2A cell culture
Neuro-2A neuroblastoma cell line was obtained from the Bioresource Collection and Research Center (BCRC, Food Industry Research and Development Institute, Hsin Chu, Taiwan). Cells were grown in DMEM medium, supplemented with 10 % heat-inactivated FBS, glutamine (2 mM), and Lglutamine (2 mM) at 37°C, in a humidified atmosphere of 95 % air and 5 % CO 2 .
Cell viability assay
Neuro-2A cell viability was determined with the MTT assays. MTT solution as added to each well for an additional incubation of 4 h at 37°C. After the addition of DMSO, the absorbance at 570 nm (formation of formazan) was measured (Hsu et al. 2010) . Furthermore, cells were treated by Abeta25-35 (1, 10, 25, and 50 μM) with or without samples for different times, and the protection effects of samples against Abeta-induced Neuro-2A cell damage were investigated in following experiments. Mixed DHA/EPA was used as positive control. The DHA and EPA levels in mixed DHA/EPA group were respectively 1.44 and 8.32 % in Group I, and 2.83 and 26.73 % in Group II.
Antioxidation measurement
For assay of glutathione (GSH), the reduced GSH content of cell homogenate was determined as previously described (Van Dam et al. 1999) . Cell homogenate was mixed with TCA (50 mg/mL) mixture and incubated for 5 min, centrifuged at 8,000×g for 10 min under 4°C. The homogenate was reacted with DTNB for 5 min under 4°C. The absorbance was measured at 412 nm, and the concentration of GSH was calculated using the absorbance expressed by μmole/mg protein. GSH peroxidase (GPx) activity was determined as previously described (Mohandas et al. 1984) . Briefly, 0.1 mL of homogenate was mixed with 0.8 mL of 100 mM potassium phosphate buffer (1 mM EDTA, 1 mM NaN3, 0.2 mM NADPH, 1 unit/mL glutathione reductase (GR), and 1 mM GSH, pH 7.0) and incubated for 5 min at room temperature. Thereafter, the reaction was initiated after adding of 0.1 mL of 2.5 mM hydrogen peroxide (H 2 O 2 ). GPx activity was calculated by the change of the absorbance at 340 nm for 5 min. In another reaction containing 0.1 M phosphate buffer (1 mM MgCl 2 -6H 2 O, 50 mM GSSG, and 0.1 mM NADPH, pH 7.0), 0.1 mL of liver homogenate was added for GR activity determination (Bellomo et al. 1987) . The decreased absorbance at 340 nm was measured for 3 min. The catalase (CAT) activity was determined by the method of Aebi (1984) . The 50 μL of homogenate mixed with 950 μL 0.02 M H 2 O 2 was incubated at room temperature for 2 min. The CAT activity was calculated by the change of the absorbance at 240 nm for 3 min. The glutathione S-transferase (GST) activity was determined as previously described (Habig et al. 1974) . 100 μL of homogenate was mixed with 20 μL of 50 mM CDNB (1-chloro-2,4-dinitrobenzene) and 880 μL of 100 mM phosphate buffer (pH 6.5) that contained 1 mM GSH. The GST activity was calculated by the change of the absorbance at 340 nm for 5 min.
Assay for malondialdehyde (MDA) level
The homogenate was centrifuged for 30 min at 2,500×g and under −4°C. The homogenate was stored at −80°C for the following experiments. MDA, which is one of the lipid peroxidation products, was determined by the method of Buege and Aus (1978) . Briefly, 1 mL of the homogenate was mixed with 1 mL of cold trichloroacetic acid (TCA) (75 mg/mL) to precipitate proteins and then centrifuged at 1,500 rpm. The supernatant was reacted with 1 mL of thiobarbituric acid (8 mg/mL) in boiling water for 45 min. Lipid peroxidation products were estimated by measuring the concentration of thiobarbituric acid reaction substances (TBARS) in fluorescence at 530 nm ex/552 nm.
Statistical analysis
Above data are expressed as means±SD. The software of ANOVA was used to evaluate the difference between multiple groups. If significance was observed between each group, Duncan's multiple range was used to compare the means of two specific groups, and P <0.05 was considered to be significant.
Results and discussion
Effect of nitrogen as a nutrient for cell growth and biomass production High biomass and commercially acceptable EPA and DHA production can be achieved with microalgae grown in media containing carbon and nitrogen, and controlled pH and temperatures (Griffiths and Harrison 2009; Chen et al. 2013) . The growth rate could be regulated by the addition of nutrients such as glucose, nitrogen, sodium, as well as oxygen concentration, temperature, and pH. These conditions resulted in high cell densities and DHA production (Ward and Singh 2005) . However, a deficiency in nutrients suppresses the growth of algae (Pramitha and Lipton 2011) .
In our pre-test, we had found that limit nitrogen source at 2.5 g/L urea did not inhibit cell growth. In this study, we observed that the addition of 2 g/L urea (Group I) to growth m e d i u m s i g n i f i c a n t l y e n h a n c e d t h e g r o w t h o f Nannochloropsis oceanica during 14 days of culture at 25°C in presence of 5 % CO 2 . However, decreasing the urea concentrations to 0.2 g/L inhibited cell growth (Fig. 1a) . This result indicates that nitrogen was a necessary factor for cell growth. In addition, the absence of nitrogen at various temperatures markedly affected biomass production (Fig. 1b) . The biomass of Nannochloropsis oceanica was elevated in Group I (2 g/L urea) as well as Group II (0.2 g/L urea) because of an elevation in temperature from 15 to 30°C while in culture. We also found a significant difference in biomass productivity between Group I and Group II, when cultured at 30°C.
Effect of CO 2 on cell growth and biomass production Microalgae are by far the most abundant primary producers that can be found in aquatic systems. Microalgae photosynthetically convert light energy and carbon dioxide (CO 2 ) into biomass such as carbohydrates (Park et al. 2011) , proteins (Becker 2007) , and lipids (including DHA and EPA) (Harwood and Guschina 2009 ). When we lowered urea levels, we observed enhanced DHA and EPA production in Nannochloropsis oceanica.
Autotrophic microalgae do not require an organic carbon source, and hence circumvent microbial contamination problems faced by heterotrophic cultures. In this study, we investigated the effect of CO 2 concentration (1, 2.5, 5, 10, and 20 %) on biomass production in Nannochloropsis oceanica grown at 30°C. Our results suggested that the biomasses of Group I and Group II increased with increasing CO 2 levels from 1 % CO 2 to 10 % CO 2 . A high quantity of biomass was generated at 10 % CO 2 in both Group I and Group II. However, 20 % CO 2 suppressed biomass production in Group I and resulted in toxicity for Group II (Fig. 2) . These data reveal that low nitrogen and high carbon sources induce cell toxicity in Nannochloropsis oceanica.
Crude fat, DHA, and EPA generations in Nannochloropsis oceanica
Temperature is a key factor that affects fatty acid generation in algae (Borowitzka 1997; Benemann 1992) . Therefore, in this study, we investigated the optimal temperature for fatty acid generation. As shown in Fig. 3 , Nannochloropsis oceanica was cultured in 10 % CO 2 at various temperatures (from 15 to 35°C) for 14 days at which point crude fat was quantified. Our results demonstrate that lipid synthesis was elevated at 20°C for Group II (as compared to Group I), but this effect could be suppressed when the temperature was elevated. These data show that lipid synthesis in Nannochloropsis oceanica is optimal at lower temperatures.
Additionally, we investigated the quantities of unsaturated fatty acids, including DHA (C22:6), and EPA (C20:5) (Table 1) in microalgae. We found that crude fat was higher in Group II than in Group I [C16:1 (9.34 %), C18:2 (10.31 %), C18:3 (7.53 %), C20:2 (0.84 %), C20:3 (0.42 %), C20:5 26.73 %), and C22:6 (2.83 %)]. In addition, crude fat could not be detected in C20:1, C21:0, C22:0, C22:2, and C22:4. These findings suggest that low nitrogen can promote fatty acid synthesis including DHA and EPA.
Nannochloropsis oceanica protects against Abeta-induced oxidative stress in neuro-2A cells Alzheimer's disease (AD) is characterized by progressive neurodegeneration leading to loss of cognitive abilities and ultimately death. The characteristic neuropathology of AD is the accumulation of amyloid-beta (Abeta) protein to form plaques and tau phosphorylation that forms tangles in patient brains. Memory deficits and amyloid deposition in the brain have also been observed in rats and mice with several different forms of Abeta mutations (Stephan and Phillips 2005) . Specifically, Abeta1-40, Abeta1-42, and Abeta25-35, Fig. 2 The biomass of Nannochloropsis oceanica at various CO 2 concentrations. Group I: 2 g/L urea was provided, Group II: 0.2 g/L urea was provided. *Significantly different between Group I and Group II. Data was shown as mean ± SD (n=3) Fig. 3 The crude fat of Nannochloropsis oceanica at various temperatures. Group I: 2 g/L urea was provided, Group II: 0.2 g/L urea was provided. *Significantly different between Group I and Group II. Data was shown as mean ± SD (n=3) Fig. 1 a The change of Nannochloropsis oceanica growth between day 0 and day 14. b The biomass of Nannochloropsis oceanica at various temperatures. Group I: 2 g/L urea was provided, Group II: 0.2 g/L urea was provided. *Significantly different between Group I and Group II. Data was shown as mean ± SD (n=3) Abeta1-56 peptide fragments could influence the learning and memory ability in mice. Abeta25-35 is a toxic Abeta peptide that directly impairs neural function without long-time aggregation (Lesne et al. 2006) . Oxidative stress generated from Abeta deposits in the brain of AD patients can result in an increase in the generation of free radicals through NOX pathway (Williams and Gooch 2014) and impair the endogenous antioxidant system (Rammouz et al. 2011; Townsend and Pratico 2005) .
Neuro-2A cells have been widely used as a model for investigating Abeta toxicity (Calderon et al. 1999) . We found that neuro-2A cell viability decreased in a dose-dependent manner upon 48 h treatment with Abeta (Fig. 4a) . In addition, this effect was found to be time-dependent in Abeta-treated neuro-2A cells after 6-48 h treatments (Fig. 4b) . These findings indicate that Abeta induced cell death in neuro-2A cells. Recently, unsaturated fatty acids including DHA and EPA have been shown to protect against AD and neuronal cell damage (Sadli et al. 2013; Swanson et al. 2012) . Our results indicate that the cell viability of Abita-treated neuro-2A cells could be improved by treatment with extracts of Nannochloropsis oceanica from Group II (Fig. 5) .
Antioxidant effect of Nannochloropsis oceanica Smith et al. (1996) has proposed that oxidative stress plays a critical role in the development of AD. Lipid peroxidation is one of the major outcomes of free radical-mediated injury, which directly damages membranes and generates a number of secondary products including aldehydes, such as MDA, 4-hydroxy-2-nonenal, and ketones (Slater 1984) . Analysis of AD brains reveals an increase in lipid peroxidation products in the amygdala, hippocampus, and parahippocampal gyrus compared with that in age-matched controls (Markesbery and Lovell 1998). MDA is the most abundant individual aldehyde resulting from lipid peroxidation and thus can be considered a marker of lipid peroxidation. Abeta-peptide is produced by many different cell types, and is known to circulate in blood and cerebrospinal fluid in a soluble form (Mattson et al. 1997a, b; Maurice et al. 1996) . Increased levels of oxidative stress are associated with amyloid plaques and degenerating neurons in the AD brain and peripheral tissues or circulating cells (Smith et al. 1995) . Lipid peroxidation and the concentration of reactive oxygen species (ROS) in the cortex, hippocampus, spleen, and astrocytes are significantly elevated in Abeta25-35 injected mice. The extracts of Nannochloropsis oceanica from Group II markedly suppressed MDA production in Abeta-treated Neuro-2A cells than in Group I (Fig. 6a) . Moreover, the extracts of Nannochloropsis oceanica from Group II resulted in markedly elevated GSH levels in Abeta-treated Neuro-2A cells. These results suggest that Nannochloropsis oceanicainduced protection against Abeta-induced neuro-2A cell damage is mediated by the oxidation status.
Elevation of levels of antioxidant enzymes of Nannochloropsis oceanica
Oxidative stress is induced by the production of free radicals (Cafe et al. 1996) , disruption of calcium homeostasis (Mattson et al. 1997a, b) , and apoptosis (Kowall et al. 1991) . Histological and biochemical changes, memory deficits, and oxidative stress are observed 1 to 2 weeks after intracerebroventricular administration of the Abeta25-35 peptide into rodent brains (Maurice et al. 1996) . Therefore, interventions that protect against Abeta-induced neurotoxicity may have therapeutic value for the treatment of AD (Valko et al. 2007) . Our results have shown that Nannochloropsis oceanica may have a direct effect on Abeta-induced changes in oxidative stress and the regulation of antioxidant enzymes, while DHA and EPA protect against Abeta toxicity. Removal of ROS by antioxidant enzymes can inhibit lipid peroxidation Significantly different to Abeta-induced group. Data was shown as mean ± SD (n=3). Low dosage: 25 μg/mL of Nannochloropsis oceanica extracts; Medium dosage: 50 μg/mL of Nannochloropsis oceanica extracts; High dosage: 100 μg/mL of Nannochloropsis oceanica extracts. Group I: 10 g/L urea was provided, Group II: 0.2 g/L urea was provided in cell membranes (Li et al. 1990 ). Antioxidants such as glutathione peroxidase (GPx), glutathione reductase (GR), glutathione S-transferase (GST), and catalase (CAT) clear ROS and protect cells from oxidative damage (Anderson 1996) . Our results indicate that the extracts from
Conclusion
This study presents novel findings concerning the effects of Nannochloropsis oceanica against Abeta-mediated bioenergetic alterations in neuro-2A neuroblastoma cells. Our results have shown that Nannochloropsis oceanica may directly affect Abeta-induced oxidative stress and the regulate levels of antioxidant enzymes. Importantly, DHA and EPA protect against Abeta toxicity. Taken together, the results of our study indicate the potential dietary benefits of DHA and EPA obtained from Nannochloropsis oceanica using a culture system with low nitrogen levels, which is a characteristic of neurodegenerative diseases such as Alzheimer's disease.
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